SUMMARY. We measured indices of energy metabolism in tissue samples taken from the interventricular septum and left ventricular free wall of open-chest dogs under control conditions and after a 20-second period of no coronary inflow. The heart was paced at 150 beats/min, and arterial pressure was controlled by aortic constriction. Each tissue sample was divided into three transmural regions and analyzed for creatine phosphate, adenosine triphosphate, and lactate. Data were also obtained in animals subjected to ventricular fibrillation, with ventricular pressures reduced to atmosphere and sampling delayed to 70 seconds, and with the pulmonary artery constricted prior to coronary artery occlusion. In control animals, there were no metabolite differences between the free wall and septum. Coronary occlusion produced a lactate gradient across both the free wall and septum, with the highest lactate concentrations occurring in the regions adjacent to the left ventricular cavity. The increase in tissue lactate above control was greater in the septum than in the free wall. Coronary occlusion decreased tissue creatine phosphate but not adenosine triphosphate. The decrease in creatine phosphate was greater in the septum than in the free wall. Coronary occlusion and ventricular fibrillation, or coronary occlusion and ventricular pressures reduced to atmosphere, produced neither transmural metabolite differences nor differences between the free wall and septum. Pulmonary artery constriction increased right and decreased left ventricular pressures. After coronary occlusion, the changes in free wall and septal creatine phosphate and lactate were less than in animals without pulmonary constriction. The data indicate that the metabolite differences observed between the free wall and septum following coronary occlusion in the pressure-generating ventricles occurs as a result of a greater energy need in the septum, and that the septum reacts primarily to pressures developed in the left rather than the right ventricle. (Circ Res 54: 405-413, 1984) INVESTIGATIONS into regional differences of contractile behavior in the left ventricular myocardium have focused on the subepicardial and subendocardial tissue of the left ventricular free wall, primarily to provide a sound physiological basis for the greater susceptibility of the subendocardium to ischemia and infarction. Current evidence suggests that fiber load is nonuniform transmurally, and that energy expenditure is greater in the subendocardium than in the subepicardium (Griggs, 1979) . The interventricular septum located entirely within the ventricular interior, although part of the common wall forming the left ventricle, has been largely ignored in part because of its inacessibility. The role of the septum in the pumping action of the left ventricle is poorly understood, and-because of its unique position-contractile activity and fiber load may be expected to differ from that of the left ventricular free wall.
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SUMMARY. We measured indices of energy metabolism in tissue samples taken from the interventricular septum and left ventricular free wall of open-chest dogs under control conditions and after a 20-second period of no coronary inflow. The heart was paced at 150 beats/min, and arterial pressure was controlled by aortic constriction. Each tissue sample was divided into three transmural regions and analyzed for creatine phosphate, adenosine triphosphate, and lactate. Data were also obtained in animals subjected to ventricular fibrillation, with ventricular pressures reduced to atmosphere and sampling delayed to 70 seconds, and with the pulmonary artery constricted prior to coronary artery occlusion. In control animals, there were no metabolite differences between the free wall and septum. Coronary occlusion produced a lactate gradient across both the free wall and septum, with the highest lactate concentrations occurring in the regions adjacent to the left ventricular cavity. The increase in tissue lactate above control was greater in the septum than in the free wall. Coronary occlusion decreased tissue creatine phosphate but not adenosine triphosphate. The decrease in creatine phosphate was greater in the septum than in the free wall. Coronary occlusion and ventricular fibrillation, or coronary occlusion and ventricular pressures reduced to atmosphere, produced neither transmural metabolite differences nor differences between the free wall and septum. Pulmonary artery constriction increased right and decreased left ventricular pressures. After coronary occlusion, the changes in free wall and septal creatine phosphate and lactate were less than in animals without pulmonary constriction.
The data indicate that the metabolite differences observed between the free wall and septum following coronary occlusion in the pressure-generating ventricles occurs as a result of a greater energy need in the septum, and that the septum reacts primarily to pressures developed in the left rather than the right ventricle. (Circ Res 54: 405-413, 1984) INVESTIGATIONS into regional differences of contractile behavior in the left ventricular myocardium have focused on the subepicardial and subendocardial tissue of the left ventricular free wall, primarily to provide a sound physiological basis for the greater susceptibility of the subendocardium to ischemia and infarction. Current evidence suggests that fiber load is nonuniform transmurally, and that energy expenditure is greater in the subendocardium than in the subepicardium (Griggs, 1979) . The interventricular septum located entirely within the ventricular interior, although part of the common wall forming the left ventricle, has been largely ignored in part because of its inacessibility. The role of the septum in the pumping action of the left ventricle is poorly understood, and-because of its unique position-contractile activity and fiber load may be expected to differ from that of the left ventricular free wall.
In the present investigation, we sought to compare indices of energy metabolism in the septum and left ventricular free wall as a means of comparing the energy expenditure in the two structures. In a previous study , metabolic evidence was obtained supporting the hypothesis that there is a greater energy expenditure in the subendocardium than in the subepicardium of the left ventricular free wall. This was based on the finding that creatine phosphate depletion and lactate accumulation occurred more rapidly in the inner region of a transmural sample taken from the left ventricle, following a brief period during which all coronary inflow was stopped. In the present study, the same basic model with some modifications was utilized and extended to include tissue metabolite data from both the left ventricular free wall and septum. Thus, comparisons were made of the rates of creatine phosphate decline and lactate accumulation within the septum and left ventricular free wall during the initial stages of a no-blood-flow state. Experimental maneuvers were also performed to relate the induced metabolite changes with energy need. Finally, pressures were altered in the left and right ventricles prior to stopping coronary blood flow to determine whether the septum was acting primarily in response to the hemodynamics of the left ventricle.
Methods
Fasted male mongrel dogs were anesthetized with sodium pentobarbital (35 mg/kg, iv), with supplemental doses given, as required, during the experiment. The trachea was intubated and respiration was maintained with a Harvard respirator. End tidal CO 2 was monitored continuously, and was maintained between 4.5 and 5% by adjusting the ventilation. Supplemental oxygen was added to the inspired air (approximately 10% of the inspired air volume) to ensure normal arterial oxygen tension. Blood gas samples were drawn anaerobically from an aortic catheter and read immediately on a Radiometer blood gas analyzer (model MK2). Rectal temperature was measured with a Yellow Springs telethermometer and maintained between 38 and 39°C by the use of a heating pad. Pressure in the aortic arch was monitored via a side-hole polyethylene catheter passed retrograde from the femoral artery, and left ventricular pressure was measured from a needletipped catheter (thin wall no. 17) which was inserted later through the left ventricular wall. In a limited number of animals, pressure was recorded from a catheter inserted directly into the right atrium via a stab wound in the wall. All pressures were recorded by means of Statham pressure transducers (P23Db) and a Sanbom or Grass recorder.
A right thoracotomy was performed, and the origin of the right coronary artery was exposed sufficiently to pass a ligature around it. This ligature was then passed through a length of polyethylene tubing, producing a snare device which was used later to occlude the right coronary artery. The sinoatrial node was crushed and the heart was paced at 150 beats/min from the right atrial appendage. A left thoracotomy then was performed, the main left coronary artery was dissected at its origin from the aorta, and a vessel occluder was prepared, as described, for the right coronary artery. The origin of all branches, including the septal branch, distal to the occluder was verified by dissection at the end of the experiment. A ligature also was placed around the thoracic descending aorta and gradually tightened, following coronary occlusion, to prevent a decrease in left ventricular systolic pressure. Heparin was administered (350 U/kg, iv) and an arterial blood sample was drawn and precipitated with cold 6% perchloric acid for the subsequent determination of lactate (Hohorst, 1963) . Dogs with an arterial lactate concentration greater than 1.75 ITIM were eliminated from the study. This occurred in seven animals. The purpose of this procedure was to eliminate the possibility that high basal tissue lactate levels would obscure the findings produced following coronary occlusion.
Experimental Protocols
After completion of the procedures just outlined, tissue data were obtained in 43 animals studied in one of four series of experiments.
Series I
Transmural specimens of tissue were obtained from the left ventricular free wall and interventricular septum in animals with the coronary circulation undisturbed (controls), or after a 20-second period of no blood flow to the heart, initiated by simultaneous occlusion of the main left and right coronary arteries.
Series II
Coincident with left and right coronary occlusion, the ventricles were electrically fibrillated. Transmural tissue samples of the left ventricular free wall and interventricular septum were obtained 20 seconds later.
Scries /// Coincident with coronary occlusion, the ventricles were unloaded by a transverse incision made with a large blade (scalpel size 22) in the mid to apical ventricular regions. The incision was of sufficient depth to reduce both the left and right intraventricular pressures to atmosphere. In these animals, procurement of the tissue samples was delayed from 20 to 70 seconds to produce metabolite changes similar to those after 20 seconds of coronary occlusion in the working hearts of series I.
Series IV
Before coronary occlusion, the pulmonary artery was constricted to increase right ventricular systolic pressure. In these animals, right ventricular pressure was measured from a catheter inserted via a small incision in the right atrium. A snare was placed around the pulmonary artery close to its origin, rather than the aorta. The snare then was slowly constricted over a period of several minutes. After obtaining a new steady state with an increase in right ventricular systolic pressure of approximately 30-35 mm Hg, no further manipulation of the snare was attempted. Within 5 minutes of completing pulmonary constriction, left ventricular free wall and septal tissue samples were taken from control animals, or experimental animals after 20 seconds of left and right coronary occlusion.
In every experiment, tissue sampling was performed in the anterior region at the base of the left ventricle, with a cylindrical cutting tool mounted in an electric drill, as previously described . Since the procedure was destructive, only one set of data was obtained in each animal. The sampling device consisted of a central shaft, with an 18-gauge needle to receive the tissue samples, and an outer shell with a sharpened rim. To obtain a free wall and septal tissue sample, we penetrated the surface of the left ventricular wall with the sampling tool to a depth sufficient to impale both the transmural free wall and septal sample on the needle. After exposing the samples by withdrawing the outer shell, we quickly moved the distal sample (septum) to the tip of the needle, and compressed the two samples between a pair of heavy metal tongs precooled in liquid nitrogen (sample thickness between 3.0 and 3.1 mm). The time required for cutting and compressing the samples was between 3.5 and 4.5 seconds. The angle of penetration of the ventricular wall with the sampling tool was such that the septal sample was, in most cases, from the anterior region. If it was not, the experiment was rejected.
The left ventricular free wall sample was divided into outer, middle, and inner thirds, and the septal sample was divided into left septum, middle septum, and right septum. Each portion was weighed, pulverized, and extracted with perchloric acid. The supernatant extract was analyzed for creatine phosphate (Lamprecht et al., 1974) , adenosine triphosphate (Adam, 1963) , and lactate (Hohorst, 1963) . All metabolite data are expressed as /imol/g wet weight.
In some cases, mean transmural metabolite values were calculated. Since division into thirds was merely approximate, transmural values were determined from the sum of the metabolite content in each sample (metabolite con-centration X sample weight) divided by the sum of the three sample weights.
Statistical Methods
Within each group, the transmural free wall and the transmural septal metabolite data were tested by a twoway analysis of variance. If a statistically significant value was found (P < 0.05), individual samples were compared by Student's-Neuman-Keuls test. Paired comparisons of the tissue metabolite data were also made by f-test, between what we considered anatomically analogous regions of the left ventricular free wall and septum. The regions adjacent to the left ventricular cavity, i.e., the inner left ventricular free wall and left septum, were compared-and, thus, the middle and outer left ventricular free wall were compared with middle and right septum, respectively. An unpaired f-test was used to compare a particular region in the experimental group with the appropriate control group value (e.g., outer experimental metabolite vs. outer control metabolite). Similar comparisons were also made between the coronary occluded animals of series I and series IV.
Results

Series I
Left ventricular systolic and end-diastolic pressures are depicted in Figure 1 . Values for control animals immediately before tissue sampling were not different from those of experimental animals, before coronary occlusion. Constriction of the thoracic aorta during coronary occlusion helped to maintain left ventricular systolic pressure at the control level. However, a slow but progressive increase occurred in left ventricular end-diastolic pressure. The magnitude of the increase was variable, and in some animals left ventricular end-diastolic pressure did not exceed a value of 10 mm Hg. In those animals in which right atrial pressure was monitored (n = 2), no changes from control values were observed during the 20 seconds of coronary occlusion. Tissue creatine phosphate data are shown in Table 1 . In control animals, creatine phosphate was lower in the inner than in the middle and outer regions of the left ventricular free wall; in the septum, creatine phosphate was lower in the left than in the middle or right side of the septum. The 20-second period of no coronary blood flow produced a decrease in creatine phosphate in all regions of the left ventricular free wall and septum. Transmurally, creatine phosphate in the outer region of the left ventricular free wall was higher than in the middle or inner region, and in the right septum was higher than in the middle and left septum. Paired comparisons between analogous regions of the left ventricular free wall and septum, i.e., outer vs. right, middle vs. middle septum, and inner vs. left, demonstrated no differences in creatine phosphate in control animals, but-in the coronary-occluded animals-creatine phosphate levels in the outer, middle, and inner left ventricular free wall were greater than in the right, middle, and left septum, respectively. Also, calculated mean transmural left ventricular free wall and septal creatine phosphate levels were not different in control animals, but a lower value was found in the septum, compared to the left ventricular free wall, in the coronary-occluded animals ( 2). Tissue ATP (Table 2 ) demonstrated no differences in control animals or differences between control and experimental animals. Similar findings occurred in series II and III animals. In series IV, a decrease in ATP occurred in the right septum following coronary occlusion. Tissue lactate data (Table 3) in series I control animals demonstrate low and uniform values across the left ventricular free wall and septum, and no differences between the left ventricular free wall and septum. In the coronaryoccluded animals, tissue lactate levels increased in all regions, and a gradient occurred across both the left ventricular free wall and septum. In the left ventricular free wall, lactate levels increased from the outer to the inner wall, and in the septum they increased from the right to the left side. Paired comparisons made between left ventricular free wall and septal regions showed higher lactate levels in the middle and left septum than in the middle and inner left ventricle. A comparison of mean transmural left ventricular free wall and septal lactate levels showed no difference in control animals, but in the coronary-occluded animals a higher tissue lactate level occurred in the septum than in the left ventricular free wall.
Series II
Left ventricular systolic and end-diastolic pressures prior to combined coronary occlusion and fibrillation were similar to series I control and experimental animals prior to coronary occlusion. Metabolite data demonstrate that 20 seconds of fibrillation and no coronary blood flow elevated tissue lactate and decreased creatine phosphate levels in all regions. However, no transmural differences or differences between the left ventricular free wall and septum developed.
Series m
Left ventricular systolic and end-diastolic pressures, prior to coronary occlusion and unloading the ventricles, were similar to series I control and experimental animals, prior to coronary occlusion. Metabolite data demonstrates that 70 seconds of no coro-nary blood flow in these animals elevated tissue lactate and decreased creatine phosphate within a range of values similar to those of Series I coronary occluded animals. However, as in series II animals, regional differences did not develop.
Series IV
Constriction of the pulmonary artery in the control state prior to coronary occlusion produced an increase in right ventricular systolic and end-diastolic pressures, along with a decrease in left ventricular systolic pressure (Fig. 3) . During coronary occlusion (unaccompanied by thoracic aortic constriction in these animals), there was a further decline in left ventricular systolic pressure and a decline in right ventricular systolic pressure, but little change occurred in either left or right ventricular end-diastolic pressures. Tissue metabolite data in control, pulmonary-constricted animals were similar to the control data obtained in series I animals. The changes seen in creatine phosphate after coronary occlusion were also similar to the changes produced in series I animals, including a greater decline in the septal than in the left ventricular free wall levels (Table 1 ; Fig. 4 ). However, in these animals, except for the right septum, creatine phosphate values were significantly higher than in series I coronary-occluded animals (P < 0.05). Tissue lactate levels were increased in coronary-occluded animals, and the transmural gradient found in the left ventricle in series I also occurred in these animals. However, the relationship among the septal regions was different. Instead of a gradient, there was now no difference between the left and right septum, but the middle septum was lower than the other two regions. Also, except for the right septum, tissue lactate levels were significantly less than occurred in series I, occluded animals (P < 0.05).
Although, in some animals, coronary occlusion was associated with only a modest increase in left ventricular end-diastolic pressure (remaining <10 mm Hg), experiments were performed in which left ventricular end-diastolic pressure was better controlled. These animals were prepared as described earlier, but, in addition, the heart was placed in a pericardial cradle, and large diameter (7-mm) salinefilled clear plastic tubing was introduced into the left atrium via the atrial appendage. The other end was placed in a beaker of saline, the level of which was maintained at a point above the left atrium, where, with the tubing undamped, no net flow of blood occurred from the atrium as atrial pressure changed with respiration. Experiments were performed in two animals in which this tubing was undamped during the 20-second period of coronary occlusion. In these animals, the increase in left ventricular end-diastolic pressure was reduced, compared to the mean values obtained for series I animals (increasing from 4 to 7.5 mm Hg, and from 5 to 8 mm Hg), but the tissue metabolite data were similar. Left ventricular free wall and septal lactate values (^mol/g wet weight) for the two animals were: outer = 1.62, middle = 1.77, inner = 2.03, right septum = 1.54, middle septum = 2.15, and left septum = 2.51.
Discussion
In the present study, we sought to compare metabolites reflecting the energy metabolism of the left ventricular free wall and intervenrricular septum during the initial stages of a no-coronary-blood flow state. Previous studies of the left ventricular free wall demonstrated lactate accumulation and creatine phosphate depletion within seconds after stopping coronary blood flow, with the full development of transmural differences in lactate and creatine phosphate after 20 seconds Dunn et al., 1979) . Thereafter, marked ventricular deterioration and disappearance of the regional differences ensued. Thus, in this study, the presence of a lactate gradient, with levels increasing from the outer to the inner left ventricular wall and reciprocal changes in creatine phosphate after 20 seconds of coronary occlusion, was anticipated, and served as a basis for comparison with the interventricular septum.
In the septum, lactate accumulation and creatine phosphate depletion were more rapid than within the left ventricular free wall. Also, the increasing lactate levels from the right to the left side of the septum indicate transmural differences similar to those of the free wall, i.e., maximal changes in the region adjacent to the endocardial surface of the left ventricle. These data not only demonstrate the nonuniform characteristics of the septum, but, more importantly indicate that the energy need of the septum during coronary occlusion may exceed that of the left ventricular free wall. This conclusion is based on the assumption that, once blood flow ceases, lactate accumulates and creatine phosphate declines within the myocardium as a function of mechanical energy need of the tissue, and the regional differences that develop are not due simply to intrinsic differences in metabolic pathways, substrate availability, oxygen stores, or flux rates. Earlier studies eliminated the latter as possibily being responsible for the transmural differences in the left ventricular free wall . We found that the changes occurring in tissue lactate and creatine phosphate, after coronary occlusion, could be accelerated or delayed by, respectively, increasing or decreasing ventricular loading conditions. In the latter case, load on the fibers was reduced to a minimum by venting the left ventricle to atmosphere at the time of coronary occlusion. In the empty bearing ventricle, not only was the rate of lactate accumulation and creatine phosphate depletion slower, but the changes occurred uniformly across the left ventricular wall. In addition, fibrillating the ventricles at the time of coronary occlusion, where contractile characteristics would be expected to be random, produced random changes in lactate and creatine phosphate and no transmural free wall differences. The preceding provided the basis for our conclusion that the regional metabolite differences which developed across the left ventricular free wall after coronary occlusion in the pressure-generating ventricle were related to differences in the energy need of the myocardium. Maneuvers performed in the present study support similar conclusions for the transmural septal and for the septal-free wall differences. Fibrillating the ventricles at the time of coronary occlusion produced random metabolite differences in the free wall and septum, and unloading the ventricles reduced the rate of lactate accumulation and creatine phosphate depletion. In both maneuvers, no regional differences developed either transmurally or between the free wall and septum. It took 70 seconds of no coronary blood flow in the empty beating ventricles to produce metabolite changes similar to those found in the septum after 20 seconds of no coronary blood flow in the pressure-generating ventricles. Thus, the data appear most consistent with the hypothesis that the greater metabolite changes in the septum during coronary occlusion are related to a greater energy need in the septum than in the left ventricular free wall.
Since the present findings were obtained following a period of global ischemia and, thus, a failing heart, some alterations in the metabolite levels might be expected to occur as left ventricular diastolic pressure rises. However, the regional differences obtained do not appear dependent upon such a state, since similar data were obtained in two animals in which left ventricular diastolic pressure was maintained below 10 mm Hg after coronary blood flow had been stopped; in two animals in which left ventricular diastolic pressure was allowed to change spontaneously, it did not exceed 10 mm Hg. Likewise alterations in left ventricular compliance during ischemia or displacement of the septum from increases in pressure in the right heart do not appear to be major factors influencing the data. Palacios et al. (1976) could not demonstrate any change in left ventricular compliance during global ischemia, and our measurement of right atrial pressure showed little change following coronary occlusion. Although the preceding do not appear to be responsible for the observed regional metabolite differences, their influence and other changes induced with ischemia cannot be completely ruled out. Finally, it is unlikely that the metabolite differences are related to the nonuniform distribution of the well-oxygenated blood remaining in the conductance vessels after coronary occlusion. Preferential perfusion of the subepicardium could conceivably occur and alter the metabolic changes. However, experiments in which the left coronary artery was vented distal to the occluder and suctioned immediately following coronary occlusion failed to change the transmural metabolic gradients in the left ventricle .
Our data indicating a disproportionately greater load on the septum compared to the free wall of the left ventricle are not totally unique. Some evidence, as reflected by abnormal septal thickening, does suggest that, in the hyperfunctioning heart, load is also disproportionately distributed and greater on the septum. Echocardiographic findings of left ventricular posterior wall to interventricular septal wall thickness ratios greater than 1.3 are considered abnormal and a reflection of asymmetric septal hypertrophy (ASH). Ratios greater than 1.3 are commonly related to a genetically transmitted ASH syndrome, but in many cases no such correlation can be found. Maron et al. (1977) and Kansel et al. (1979) , in studying patients with various cardiac disease states, concluded disproportionate septal thickening was a consequence of an increased hemodynamic load. Most recently, Hess et al. (1983) , in examining patients with combined severe aortic stenosis and asymmetric septal hypertrophy, reached similar conclusions. Several other studies (Symons et al., 1974; Bahler et al., 1977; Roeske et al., 1976; Manapace et al., 1977) also indicate that when increased demands are placed on the myocardium sufficient to induce hypertrophy, in many cases such changes appear earlier, or to a greater extent, in the septum than in the left ventricular free wall.
Our data, however, are inconsistent with one study, namely, that of Weiss et al. (1978) , who combined the oxygen content values of small veins within the myocardium measured microspectrophotometrically with regional blood flow data obtained with radioactive microspheres to obtain regional oxygen consumption. They found septal oxygen consumption to be uniform transmurally and lower than in the left ventricular free wall. The precise reasons for the discrepancy are not clear, although one assumption in the oxygen consumption data is that the oxygen content of the small veins truly represents end capillary oxygen content. Since diffusional shunting is known to occur in at least some ventricular regions (Roth and Feigl, 1981) , end capillary and venous oxygen content may differ.
In the series IV pulmonary constricted animals, the decreased left ventricular loading conditions were reflected by less of a change in tissue lactate and creatine phosphate in the left ventricular free wall during the 20-second no-coronary-blood flow period. The fact that less change was also found for these variables in the septum, despite the elevated right ventricular pressures, indicates that the septum was responding mainly to the pressures developed in the left rather than the right ventricle. This finding is consistent with that of Moulaug et al. (1981) and Sasayama et al. (1981) , who found that with pulmonary artery banding and increased right and decreased left ventricular systolic pressures, septal systolic shortening was reduced. The elimination of the lactate difference between the left and right side of the septum in the pulmonary constricted coronaryoccluded animals suggests an increased load on the right relative to the left side of the septum. This is consistent with the findings of Armour et al. (1973) who, utilizing strain gauges attached to the left and right septal surfaces, found that pulmonary artery constriction augmented contractile force on the right compared to the left septum. Finally, increasing pressures in the right ventricle, either by pulmonary constriction (Tanaka et al., 1980) or by elevating right ventricular volume (Bemis et al., 1974; Brinker et al., 1980) , is known to produce septal bulging with movement toward the left ventricular free wall and a flattening of the septum. This would increase the septum's radius of curvature and should increase tension on the septal fibers during systole. If such a change did occur in our experiments, it did not override the decreased load produced by the lower left ventricular pressures. However, forces developed on the septum during systole may not depend solely on ventricular pressures and septal curvature, but on a combination of pressure development and geometric changes that act on the septum via its attachment to the right and left ventricular surfaces.
